VPS34 gene function is required for the efficient localization of a variety of vacuolar proteins. We have cloned and sequenced the wild-type VPS34 gene in order to gain a better understanding of the role of its protein product in this intracellular sorting pathway. Interestingly, disruption of the VPS34 locus resulted in a temperature-sensitive growth defect, indicating that the VPS34 gene is essential for vegetative growth only at elevated growth temperatures. As with the original vps34 alleles, vps34 null mutants exhibited severe In eucaryotic cells, the secretory pathway is responsible for the modification and delivery of proteins to a wide variety of intracellular and extracellular compartments. Entry into this pathway is mediated by the presence of an amino-terminal signal sequence and results in translocation across the endoplasmic reticulum (ER) membrane. Proteins destined for secretion are subsequently delivered from the ER to the Golgi complex and then from the Golgi complex to the cell surface via specific membrane-enclosed transport vesicles. This interorganellar flow of proteins from the ER to the cell surface appears to occur by a default mechanism; proteins that lack an intracellular "address" are passively carried to the cell surface (32) . However, proteins resident within the ER, Golgi, or lysosomal compartment are characterized by the presence of specific retention or sorting signals which are responsible for their accurate subcellular localizations (22, 32) . Therefore, mechanisms must exist to allow the cell to recognize and distinguish these various sorting signals and to ultimately deliver the marked proteins to their appropriate intracellular compartments.
Genetic and biochemical studies of protein secretion in the yeast Saccharomyces cerevisiae have demonstrated that many of the essential features of the secretory pathway have been conserved in all eucaryotes, from yeasts to mammals (28, 29) . In particular, the delivery of proteins to the yeast cell surface also appears to proceed through the ER and Golgi compartments by a bulk flow, or default, mechanism. As with mammalian lysosomal enzymes, proteins destined * Corresponding author. t Dedicated to the memory of E. W. Herman.
for the yeast lysosome-like vacuole depend on the presence of additional sorting information (15, 19, 20, 52) . Genetic studies indicate that vacuolar proteins transit through the early stages of the secretory pathway together with proteins destined for secretion or assembly into the plasma membrane (15, 48, 52) . Within the Golgi compartment, the vacuolar proteins are segregated away from proteins destined for secretion and targeted to the yeast vacuole.
In an attempt to identify cellular components involved in the specific segregation, packaging, and delivery of proteins to the vacuole, we used a gene fusion-based selection scheme to isolate a large number of yeast mutants defective in vacuolar protein localization or processing (2, 36) . More than 600 vpt (for vacuolar protein targeting defective) mutants have been isolated, and the recessive mutations have been assigned to at least 33 complementation groups. The vpt mutations have been demonstrated to affect the intracellular sorting of a variety of vacuolar proteins, including the soluble hydrolases carboxypeptidase Y (CPY), proteinase A (PrA), and proteinase B (PrB), and an integral membrane protein, repressible alkaline phosphatase (2, 20, 36) . In addition to the observed sorting defects, analysis by both light and electron microscopy techniques has demonstrated that several of the vpt mutants possess morphologically abnormal vacuolar structures (3) . These observations have allowed us to assign the vpt mutants to three distinct classes based on their vacuole morphology. The (16, 21, 38, 40) . The vpl mutants were also identified by selecting for mutants defective in vacuolar protein localization (38, 40) . Genetic analysis has demonstrated that significant overlap exists between the VPT and VPL complementation groups, and the vpt and vpl mutants are now collectively referred to as vps, for vacuolar protein sorting defective (36, 38) . The pep mutants were originally identified in genetic screens for yeast mutants exhibiting decreased levels of CPY activity (16) , and subsequent-analysis has shown that most of the pep mutants also exhibit vacuolar protein sorting defects (38) . In all, the mutants in these different collections define more than 47 complementation groups which appear to be required for the delivery of soluble vacuolar hydrolases such as CPY (21) . These initial genetic studies, therefore, indicate that vacuolar protein delivery is a complex process that involves the direct or indirect participation of a relatively large number of gene functions. To functionally dissect this pathway and gain an understanding of the underlying molecular mechanisms, we have initiated efforts to clone specific VPS genes and to characterize their respective gene products. Eight independent mutant alleles of the VPS34 locus were originally isolated in a genetic selection for yeast vacuolar protein targeting mutants (36) . vps34 mutant cells were observed to exhibit severe defects in the sorting of the soluble vacuolar hydrolases, CPY, PrA, and PrB. However, light microscopy analyses revealed that vps34 cells contain morphologically normal vacuoles (class A; 3). This latter observation indicated that vps34 cells are competent for vacuole assembly; in combination, these observations suggested that the wild-type VPS34 gene product might be specifically involved in the intracellular sorting and delivery of soluble vacuolar proteins. However, an electron microscopy analysis of vps34 mutants has demonstrated that in addition to a morphologically normal vacuole, vps34 cells accumulate a variety of abnormal membranous structures within their cytoplasm, including Berkeley bodies and 80-nm vesicles (3) . Similar membrane-enclosed material was also observed in class C vps mutants, which lack a detectable normal vacuolar compartment. vps34 cells have several other phenotypes in common with the class C vps mutants, including sensitivity to osmotic stress and extreme temperature-sensitive growth defects (3, 36) . This phenotypic similarity to yeast mutants that are defective in the assembly of the vacuolar compartment might also suggest a role for the VPS34 gene product in vacuole biogenesis.
Toward a better understanding of the role of the VPS34 gene product in vacuolar protein sorting and biogenesis, we report here on the cloning and sequencing of the VPS34 gene, the phenotypic consequences of a VPS34 null allele (Avps34), and the identification and localization of the VPS34 gene product. Our results suggest that Vps34p is a relatively rare yeast polypeptide that may function as a component of a large intracellular multiprotein structure to facilitate vacuolar protein delivery.
MATERIALS AND METHODS
Strains and media. The S. cerevisiae and Escherichia coli strains used are listed in Table 1 . The yeast strains were constructed by standard genetic techniques (46) . Standard yeast (46) and E. coli (27) . ). Sequenase enzyme and the Sequenase DNA sequencing kit were from United States Biochemicals (Cleveland, Ohio), the T3/IT7 RNA transcription kit was from Stratagene (La Jolla, Calif.), and the polymerase chain reaction (PCR) Gene Amp DNA amplification kit was from Perkin Elmer Cetus (Norwalk, Conn.). All other chemicals were purchased from Sigma Chemical Co. (St. Louis, Mo.). Antiserum to phosphoglycerokinase was a gift from Jeremy Thorner, and the antiserum to CPY was described previously (19) .
Recombinant DNA methods and plasmid constructions. All recombinant DNA manipulations were done as previously described (25) .
The yeast E. coli shuttle vector, pPHYC18, was constructed from pSEYC68 in two steps. pSEYC68 is a derivative of plasmid pSEYC58 (11) in which the pUC8 polylinker sequences have been replaced with those of pUC18. First, pSEYC68 DNA was digested with XhoI and HpaI, and the XhoI 3'-recessed ends were filled in with Klenow polymerase. These two blunt ends were subsequently ligated to remove -600 bp from the CEN4 region of pSEYC68. This deletion removed the only KpnI site in pSEYC68 and did not affect the mitotic stability of the resultant yeast plasmid, pPHYC16 (data not shown; see reference 26). The polylinker sequences of pPHYC16 were then replaced with the polylinker from pBluescript KS(+) (pBP; Stratagene) by replacing the -400-bp PvuII fragment of pPHYC16 with that from the pBP plasmid to yield pPHYC18. The -5.0-kb ClaI-SacI fragment of pPHY34 was subcloned into pBP (KS+) to yield plasmid pPHY46. This VPS34-containing fragment was then removed as a SalI-SacI fragment and subcloned into pSEY18 (a derivative of pSEY8 with pUC18 polylinker sequences; 11) to make pPHY52, a multicopy VPS34 plasmid.
The yeast integrating vector, pPHYI10, was constructed by inserting the -800-bp EcoRI-PstI fragment of YRp7, which contains the yeast TRPI gene (51) , into the NdeI site of pUC18. All restriction enzyme ends were filled in or digested with Klenow polymerase to create blunt ends. This plasmid contains a yeast selectable marker, TRPI, but no yeast origin of replication.
Plasmid pPHY40 was used to construct exonuclease IIImung bean nuclease deletions of VPS34 sequences in an attempt to define the minimum complementing fragment and was constructed as follows. The original YCp5O complementing plasmid, pPHY34, was digested with KpnI, and the 3' overhang ends were removed by treatment with mung bean nuclease. The plasmid was then digested with ClaI, and this 4.1-kb ClaI-KpnI (blunt) fragment was subcloned into ClaI-Smal-digested pPHYC18 to yield pPHY40. Plasmids pPHY42 and pPHY43 were constructed by subcloning the VPS34 locus, as a -4.1-kb KpnI-SacI fragment from pPHY40, into pBP (-) and pBP (+), respectively (both pBP plasmids were of the KS series).
The integrative mapping plasmid, pPHY35, was constructed by cloning the 3.4-kb BamHI-SacI fragment of pPHY34 into the pPHYI10 vector. Plasmid pPHY38 was used to make a gene disruption of the VPS34 locus and was constructed in multiple steps, as follows. First, the 4.1-kb ClaI-KpnI fragment of pPHY34 was subcloned into the pPHYC18 yeast vector. This VPS34-containing DNA fragment was subsequently removed as a PstI-KpnI fragment and subcloned into pUC18, to construct pPHY36. pPHY36 was digested with XhoI, the XhoI 3'-recessed ends were filled in, and the plasmid was then cut with BamHI. The yeast TRPI gene was subcloned into this plasmid as an EcoRI (blunt)-BglII fragment from YRp7, where the EcoRI 3'-recessed ends were filled in with Klenow polymerase. Plasmid pPHY34.17 was made by cloning the 1.0-kb BamHIXhoI fragment of pPHY34 into pPHYC18.
Northern (RNA) analysis. Yeast RNA was prepared as previously described (10) . Poly(A)+ RNA was isolated by binding total yeast to oligo(dT)-cellulose in the presence of 0.5 M LiCl, extensive washing with the high-salt buffer, and then batch elution with 10 mM Tris hydrochloride (pH 7.5)-l mM EDTA. The RNA was subsequently electrophoresed on formaldehyde-1% agarose gels and transferred to GeneScreen membranes (1) . Single-stranded [32P]RNA probes were prepared by transcription from pPHY34.17 with either T3 or T7 RNA polymerase and were hybridized to the RNA blot as described previously (1) .
Yeast genetics. Standard yeast genetics techniques were used throughout (46) . Yeast transformation was achieved by the method of alkali cation treatment (14) , and transformants were selected on SD medium.
The VPS34 gene was cloned by complementing the severe temperature-sensitive growth defect associated with the vps34-2 allele. SEY34-2 cells (vps34-2 ura3-52) were transformed with a yeast genomic DNA library constructed in plasmid YCp5O (37) was used instead of 0.2% Nonidet P-40. Protein induction was examined by analyzing whole-cell lysates on sodium dodecyl sulfate (SDS)-polyacrylamide gels stained with Coomassie blue. A large-scale preparation of the fusion protein was electrophoresed and eluted from a 9% preparative SDS-polyacrylamide gel. The protein eluant was mixed with Freund adjuvant and injected into New Zealand White male rabbits (-150 ,g per rabbit). Antiserum was collected after multiple secondary injections.
DNA sequencing and sequence analysis. Exonuclease IIImung bean nuclease deletions were performed on plasmids pPHY42 and pPHY43 as described in the Stratagene Bluescript manual except that following nuclease digestion the treated DNA was eluted from a 1% agarose gel. Singlestranded phagemid DNA was purified following M13 superinfection, and the single-stranded DNA templates were sequenced by using standard dideoxy-chain termination techniques (44) .
The predicted protein sequence of Vps34p was compared with the contents of the National Biomedical Research Foundation (NBRF) protein data base (release 21.0, June 1989) with the FASTA program and the contents of the GenBank data base (release 60.0, June 1989) with the TFASTA program (31) . The comparisons were performed with the University of Wisconsin Genetics Computer Group sequence analysis package for VAX/VMS computers (6) .
Cell labeling and immunoprecipitation. Immunoprecipitations from whole cells were performed as previously described (19) , with the following modifications. Yeast cells were grown to mid-logarithmic phase in yeast nitrogen base (YNB) minimal medium supplemented with the appropriate amino acids. Two units of cells at an OD6. of 1.0 was centrifuged and resuspended in 0.5 ml of the same medium. Bovine serum albumin (final concentration, 1 mg/ml) and 150 ,uCi of Tran 35S label were added to this culture, and the cells were incubated for 20 to 30 min at the appropriate temperature. A chase, if necessary, was initiated by adding cold methionine to a final concentration of 2 mM. The labeling or chase reaction was terminated by the addition of trichloroacetic acid (TCA) to a final concentration of 5%. The remaining steps were as described (19) except that only two immunoprecipitation washes were performed, one with IP buffer (0.5% Tween 20, 50 mM Tris hydrochloride [pH 7.5], 150 mM NaCl, 0.1 mM EDTA) and one with IP buffer 2 (50 mM Tris hydrochloride [pH 7.5], 150 mM NaCl, 0.1 mM EDTA). The samples were electrophoresed on 8% SDSpolyacrylamide gels. To assess N-linked oligosaccharide modification, the cells were incubated in the presence of tunicamycin (20 ,ug/ml) for 15 min prior to labeling. The CPY fractionation immunoprecipitations were done as previously described (36) . (300 ,uCi/ml) for 30 min at 30°C. NaF and NaN3 were added to 10 mM, and the cultures were immediately put on ice. The labeled spheroplasts were gently pelleted at 2,000 x g and then resuspended in 1.2 M sorbitol-100 mM Tris hydrochloride (pH 7.5)-10 mM EDTA containing phenylmethylsulfo- (3, 34) except that when FITC was used, the cells were washed with solutions containing 2% glucose. The ade2 endogenous fluorophore was visualized in stationary-phase yeast cells grown either in YPD medium or in adenine-limiting medium, as previously described (53) . Microscopy and photography were done as previously described (3) .
Nucleotide sequence accession number. The GenBank accession number for the sequence reported is X53531.
RESULTS
Cloning and characterization of the VPS34 locus. The VPS34 gene was cloned by complementation of the recessive temperature-sensitive growth defect associated with the vps34-2 allele. SEY34-2 cells (vps34-2 ura3-52; Table 1 ) were transformed with a yeast genomic library constructed in the YCpSO centromere-containing plasmid (37) . Approximately 20,000 Ura+ transformants were selected at 26°C on minimal plates lacking uracil. After 3 days at 26°C, the transformants were replicated onto prewarmed YPD plates and incubated at 37°C. Temperature-resistant colonies were picked, and the plasmid DNA was isolated. After amplification in E. coli, the plasmids were reintroduced into SEY34-2 to retest their complementing activity. Only one plasmid, pPHY34, was able to confer a temperature-resistant phenotype upon the cells (Fig. 1) . This plasmid also complements the temperature-sensitive defect associated with the vps34-6 allele (data not shown).
We also tested the ability of pPHY34 to complement the other phenotypes associated with vps34 mutants. vps34 cells have previously been shown to be sensitive to osmotic stress (3) , as demonstrated by their inability to grow on solid media containing 1.5 M NaCl (Fig. 1 ). The cloned DNA was able to fully complement the osmotic sensitivity phenotype of vps34 mutants (Fig. 1) (Avps34), SEY34-2 (vps34-2), and SEY34-2 harboring plasmid pPHY34 [vps34-2(pPHY34)].
newly synthesized CPY was present as a 61-kDa mature species in an intracellular fraction (Fig. 2) . In contrast, in vps34-2 cells, <5% of the CPY was present as a mature species. The majority of the CPY was present as the Golgimodified 69-kDa (p2) precursor molecule, and more than 90% of this p2 CPY was secreted by the mutant cells (similar to results for the Avps34 mutant in Fig. 2 ). Therefore, vps34-2 mutants exhibited severe defects in the localization of CPY. The introduction of plasmid pPHY34 into vps34-2 mutants corrected this sorting defect (data not shown; see Fig. 2 ). The genomic DNA present within plasmid pPHY34 was therefore capable of complementing all vps34 mutant phenotypes examined.
Restriction enzyme mapping demonstrated that this complementing plasmid, pPHY34, contained a genomic DNA insert of -8 kb (Fig. 3A) . Various restriction fragments were subcloned into the yeast single-copy vector, pPHYC18, and were subsequently tested for complementing activity (Fig.  3A) . This analysis localized the complementing activity to a 4.1-kb ClaI-KpnI fragment. To more precisely define the limits of the VPS34 functional unit, we performed exonuclease III-mung bean nuclease deletions upon this ClaI-KpnI To determine whether the pPHY34 complementing activity represented the authentic VPS34 locus, we assessed the genetic linkage between the cloned genomic DNA and the vps34-2 allele. The 3.4-kb BamHI-SacI fragment of pPHY34 was subcloned into a TRPI yeast integrating plasmid, pPHYI10. The resultant plasmid, pPHY35, was digested with XhoI to direct its integration to the chromosomal homolog of the cloned DNA (41). This digested DNA was transformed into the yeast strain SEY6211, and Trp+ transformants were selected and mated to SEY34-2. The resultant diploid was induced to sporulate, and the meiotic progeny were analyzed by standard tetrad analysis. If the cloned DNA represented the true VPS34 locus, then the Trp+ and Ts' phenotypes would be expected to cosegregate. In all 20 tetrads analyzed, a 2 Trp+ Ts+:2 Trp-Ts-segregation pattern was observed. These results indicate that the complementing DNA within pPHY34 originated from a region of the yeast genome that is homologous to the VPS34 gene.
RNA transcripts from the VPS34 locus were identified by probing Northern blots of yeast RNA with single-stranded RNA probes prepared from either strand of the VPS34 clone. A single poly(A)+ RNA of approximately 2,800 nucleotides was detected from this locus (Fig. 3B) . The direction of transcription was determined to be from the BamHI site toward the XhoI site (Fig. 3) .
DNA sequencing and sequence analysis. The VPS34 minimum complementing fragment (Fig. 3A) (Fig. 4B) . A comparison of the predicted protein sequence with those in the GenBank and NBRF data bases failed to reveal any sequence similarities of obvious significance (24, 31) .
Deletion-disruption of the VPS34 gene results in a temperature-sensitive growth defect. To examine the phenotypic consequences of a null allele of VPS34, we constructed a gene deletion-disruption of this locus by using plasmid pPHY38. This plasmid contains a copy of the VPS34 gene in which the 1.0-kb BamHI-XhoI fragment has been replaced with the yeast TRPI gene (Fig. 5A) (Fig. 5A) . The primers were chosen such that the wild-type VPS34 gene would produce a single PCR product of 900 bp from primers 1 and 2 and the vps34AJ:: TRPI allele would result in a single 1,100-bp PCR product from primers 1 and 3 (Fig. SA) . When SEY6210 lysates, containing the wild-type VPS34 gene, were used as the template, the predicted 900-bp PCR product was observed (Fig. 5B) . The heterozygous diploid, PHY120 (VPS341vps34AJ :: TRPI), produced the expected doublet of 900 and 1,100 bp (Fig. SB) . Genomic DNA from four haploid progeny of a single PHY120 meiosis were also analyzed, and the results obtained are consistent with the genetic analysis of these strains (Fig. SB) . Further confirmation of the identity of the VPS34 allele(s) present was obtained by restriction of the PCR products with either BamHI or HindIlI (Fig. SA) . The restriction enzyme BamHI specifically cut the 900-bp PCR product of the wild-type gene into 600-and 300-bp fragments and did not digest the products from the disruption allele (data not shown). Conversely, HindIII restriction resulted in the production of a 600-and a 500-bp fragment from the 1,100-bp disruption allele product without affecting the 900-bp fragment (data not shown). Therefore, this PCR technique allows for a rapid (less than 6 h), nonisotopic, and precise analysis of the genomic DNA at the VPS34 locus.
As expected, the Avps34 cells exhibited an extreme vacuolar protein sorting defect, mislocalizing >95% of its CPY to the cell surface in a p2 precursor form (Fig. 2) . The presence of the wild-type VPS34 gene on a CEN-containing plasmid completely corrected this sorting defect (Fig. 2) 20 ,um. missorting phenotype was equivalent at both the permissive and nonpermissive growth temperatures in the Avps34 strains (data not shown). As well, Avps34 yeast cells were observed to be osmotically sensitive, as illustrated by their lack of growth on medium supplemented with 1.5 M NaCl (Fig. 1) .
The disruption allele of VPS34 resulted in one additional phenotype not seen with any other vps34 allele. Normally, ade2 yeast colonies turn red on adenine-limiting media. This coloring is apparently due to the accumulation of a naturally fluorescent metabolic intermediate of adenine biosynthesis in the vacuolar compartment (17, 47, 53) . Therefore, the vacuoles of ade2 yeast cells are fluorescent and easily visualized by light microscopy (53) . When Avps34 ade2 double mutants were placed on adenine-limiting medium, the colonies remained white (as do ADE2 colonies). By introducing the wild-type VPS34 gene back into these mutants, they regained the red ade2 phenotype, demonstrating that the ade2-white phenotype was a direct consequence of the vps34AJ::TRPI allele. This defect was also apparent at the cellular level. Whereas the vacuoles of SEY6211 (ade2 VPS34) were strongly fluorescent, Avps34 ade2 cells exhibited no significant intracellular fluorescence (Fig. 5C) . A similar ade2-white phenotype was observed with the class C vps mutants (3) . These mutants apparently lack a normal vacuolar compartment, and the absence of ade2 fluorescence may be due to the lack of a compartment in which to sequester this metabolic intermediate of adenine biosynthesis. In contrast, Avps34 cells do possess a detectable vacuolelike intracellular organelle (see Nomarski photographs, Fig. SC ). These organelles, like wild-type vacuoles, are able to accumulate fluorescent dyes specific for the vacuole, such as FITC and CDCFDA (see below). It is interesting that the two spontaneously isolated temperature-sensitive alleles of VPS34 result in an intermediate ade2 phenotype (pink), suggesting that these two alleles retain residual VPS34 gene function.
Diploid strains homozygous for the vps34AJ ::TRPI allele sporulated with a much lower efficiency than did wild-type diploids or those that were heterozygous at the VPS34 locus (data not shown). A similar sporulation-deficient phenotype has been observed with pep4/pep4 diploid strains (50, 57) , suggesting that the sporulation defects of Avps34 diploids may be due to the decreased levels of PrA enzymatic activity associated with these mutants (data not shown; 36).
Identification and characterization of Vps34p. To charac- terize the VPS34 gene product, we prepared polyclonal antisera against a TrpE-Vps34 fusion protein isolated from E. coli (see Materials and Methods). This fusion protein consisted of amino acids 125 to 462 of Vps34p fused in frame to the C terminus of the E. coli trpE protein. Upon induction with indoleacrylic acid, an artificial inducer of the trp operon, E. coli cells carrying this trpE-VPS34 fusion gene produced a novel protein of 74-kDa at a relatively high level (-10% of total cell protein). This hybrid protein was purified and used to immunize rabbits. The resulting polyclonal antiserum was used in quantitative immunoprecipitations from radiolabeled yeast extracts. This antiserum detected a unique polypeptide of an apparent molecular weight of -95,000 from wild-type yeast cells (Fig. 6 ). This relatively rare yeast protein was not immunoprecipitated by the preimmune control serum and was not detected in Avps34 cell extracts (Fig. 6) . In addition the presence of a multicopy VPS34 plasmid resulted in an approximately 30 to 50-fold increase in the level of this 95-kDa polypeptide (Fig. 6) . These data indicate that the polyclonal antiserum specifically recognizes the protein product of the VPS34 gene. Densitometric analysis of the levels of Vps34p relative to CPY (-0.1% of total cell protein) suggested that Vps34p comprises <0.01% of total cell protein in logarithmically growing yeast cultures. It is interesting that the overproduction of Vps34p did not result in a vacuolar protein sorting defect (Fig. 3) .
The predicted sequence of Vps34p indicates that this protein contains 10 potential sites for N-linked glycosyl modification. However, the apparent absence of any potential N-terminal signal sequence, or other membrane-spanning domains, suggests that this protein does not enter the secretory pathway. To directly test this prediction, we treated yeast cells with the drug tunicamycin, a potent FIG. 7 . Subcellular fractionation of Vps34p. DKY6224 (Apep4) cells harboring the VPS34 multicopy plasmid pPHY52 were spheroplasted, labeled with Tran 35S label, and osmotically lysed. The cell lysates were then centrifuged at 100,000 x g for 30 min following extraction with either 1% Triton X-100, 2 M urea, or 1 M NaCl for 10 min at 0°C. The relative levels of Vps34p in the supernatant and pellet fractions were assessed by quantitative immunoprecipitation with antiserum to Vps34p. The values beneath the gel represent the averages of three different experiments that examined the solubilization properties of Vps34p, pl CPY, and phosphoglycerokinase (PGK); the relative levels of each were determined by immunoprecipitation with the appropriate antisera. pl CPY is a marker for the ER and early Golgi compartments, and phosphoglycerokinase is a cytoplasmic protein.
inhibitor of N-linked glycosylation, prior to labeling and immunoprecipitation. The Vps34p detected from tunicamycin-treated cells was indistinguishable from the wild-type protein on SDS-polyacrylamide gels, suggesting the absence of asparagine-linked oligosaccharide modification (Fig. 6) . Pulse-chase experiments indicated that Vps34p was a relatively stable protein species, with a half-life of at least 90 min (Fig. 6) Vps34p . The osmotic lysis conditions were chosen so that the integrity of specific internal organelles, including the ER and Golgi compartments, was not disturbed. Approximately 80% of the pl and p2 CPY, markers for the ER and Golgi compartments (12, 48) , was detected in a 13,000 x g pellet fraction ( Fig. 7; 10 ). In addition, more than 90% of the mature CPY was released into a soluble fraction, indicating that the vacuolar compartment was disrupted by this lysis procedure (data not shown; 10).
The lysates of DKY6224 cells harboring the multicopy VPS34 plasmid pPHY52 were centrifuged at 100,000 x g for 30 min, and the distribution of Vps34p between the supernatant and pellet fractions was assessed. Approximately 50% of the Vps34p was present in the pellet fraction (Fig. 7) . 3 4 1} procedures. Following osmotic lysis, the cell lysates were incubated with either 1% Triton X-100, 2 M urea, or 1 M NaCl for 10 min at 4°C. The lysates were then centrifuged at 100,000 x g for 30 min, and the supematant and pellet fractions were analyzed for the presence of Vps34p by immunoprecipitation. Extraction with 1% Triton X-100 did not significantly alter the distribution of Vps34p between the two fractions; -50% of the Vps34p was still present in the pellet fraction (Fig. 7) . This Triton X-100 treatment was sufficient to solubilize pl CPY (Fig. 7) and the integral vacuolar membrane protein, alkaline phosphatase (data not shown; 20). Treatment with 2 M urea readily solubilized Vps34p from the particulate fraction (Fig. 7) , suggesting that Vps34p is associated with this pelletable structure through protein-protein interactions. This urea extraction failed to solubilize either pl CPY (Fig. 7) or alkaline phosphatase (data not shown). The partial solubilization by a 1 M NaCl extraction further suggests that the presence of Vps34p in this complex is mediated by ionic interactions. We have observed that -30% of this particulate Vps34p is present in a 13,000 x g lower-speed pellet. The presence of Vps34p in the particulate fraction was not the result of its overexpression in these experiments, as -40 to 50% of Vps34p was detected in 100,000 x g pellet of DKY6224 cells expressing wild-type levels of this protein (data not shown). This particulate Vps34p was also solubilized by an extraction with 2 M urea but not with 1% Triton X-100. Indirect immunofluorescence experiments were performed with the Vps34p-specific antiserum to localize the Vps34p within the yeast cell. In wild-type cells, we observed a weak punctate staining evenly distributed throughout the entire cytoplasm; this signal was absent in Avps34 cells (data not shown).
Vacuole formation is delayed in Avps34 cells. A large vacuolelike organelle was detected within Avps34 cells by Nomarski optics, but this compartment did not accumulate the endogenous ade2 fluorophore (Fig. 5C) . To determine the nature of this compartment, we labeled PHY103 yeast cells (vps34AJ:: TRPI ade2) with two fluorescent dyes, FITC and CDCFDA, which have been shown to accumulate specifically within the vacuoles of wild-type yeast cells (3, 34, 53) . The intracellular compartments within Avps34 cells were specifically stained by both of these two fluorophores, indicating that these structures are similar to wild-type vacuoles (Fig. 8A and data not shown) . However, within a population, the vacuolar compartment visualized in Avps34 strains was a much more heterogeneous structure than that observed in wild-type cells. Generally one to three large FITC-staining compartments are detected within wild-type cells (3, 33, 53) The most striking observation made with the Avps34 strains was that in general, no vacuolar compartment was observed in newly forming cells. In wild-type cells, a vacuole is detected in the newly forming bud when it is only a fraction of the size of the mother cell (53) . In Avps34 cells, no vacuole, or only a very small compartment, was observed in the newly forming bud by both FITC fluorescence and Nomarski microscopy ( the size of the mother cell. In 38 cases no FITC staining was observed in the daughter bud, and in the 7 remaining dividing pairs only a very small vacuole was detected in the bud. In all cases but one, the mother cell possessed a normal FITC-staining compartment (Fig. 8A) . At a similar point in the cell cycle, 28 of 30 wild-type buds examined were observed to possess a relatively large vacuolar compartment ( Fig. 8A; 53) . Identical results were obtained by staining the dividing yeast cells with a second fluorescent dye, CDCFDA (data not shown). In a logarithmically growing Avps34 yeast VOL. 10, 1990 culture, the majority of the unbudded cells possessed a vacuolar structure, as demonstrated by FITC fluorescence microscopy. Therefore, these cells are competent for vacuole assembly, but (3, 9) . Altogether, these data might suggest a role for the yeast vacuole in cellular responses to situations of environmental stress, such as elevated growth temperatures or osmotic stress. In cultured mammalian cells, the rate of lysosomal degradation of certain cytoplasmic proteins has been shown to specifically increase in response to cell starvation (7) . Clearly, more experimentation is necessary to define the precise role of the vacuole in these stress responses.
The majority of the vps34 mutant cells possess a morphologically normal vacuolar structure when analyzed with the fluorescent dyes FITC and CDCFDA, both of which specifically accumulate within the vacuoles of wild-type yeast cells (3, 33, 34) . It is interesting that although vps34 mutants appear to be competent for vacuole assembly, they are grossly defective in the delivery of several vacuolar hydrolases, including CPY, PrA, and PrB ( Fig. 3; 36) . Several different models may be proposed to explain this apparent paradox. Multiple, possibly overlapping, pathways may exist for the delivery of vacuolar constituents from the Golgi complex. This appears to be the case for mammalian lysosomal proteins, as only a subset of all lysosomal constituents utilize the mannose-6-phosphate targeting system (22) 
